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E-mail address: hugh.kim@utoronto.ca (H. Kim).Cell adhesion, spreading and migration on extracellular matrices are regulated by complex pro-
cesses that involve the cytoskeleton and a large array of adhesion receptors, including the b1 inte-
grin. Filamin A is a large, multi-domain, homodimeric actin binding protein that contributes to the
mechanical stability of cells and interacts with several proteins that regulate cell adhesion including
b1 integrin and several protein kinases. Here we review current data on the structure, mechanical
properties and intracellular signaling functions of ﬁlamin that regulate cell adhesion. We also con-
sider new data showing that interactions of ﬁlamin A with intermediate ﬁlaments and protein
kinase C enable tight regulation of b1 integrin function and consequently early events in cell adhe-
sion and migration on extracellular matrix proteins.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Role of ﬁlamin in cell adhesion
Efﬁcient and effective adhesion and migration of cells on extra-
cellular matrix proteins are critical processes for organ develop-
ment, cell-mediated immunity and wound healing. Cell adhesion
and spreading are initiated immediately after cell contact with ma-
trix proteins such as laminin, ﬁbrinogen, vitronectin, ﬁbronectin
and collagen. Physiological regulation of cell-matrix interactions
is contingent on cell-to-matrix (inside-out) and matrix-to-cell
(outside-in) signals that are transduced by various adhesion recep-
tors on the cell surface. Several types of extracellular matrix recep-
tors have been identiﬁed on hematopoeitic, mesenchymal,
epithelial and neuronal cells, most notably, the integrins, which
are trans-membrane, heterodimeric proteins that are activated
by binding to their cognate matrix ligands [1]. The b1 integrin sub-
unit, in conjunction with several different a integrin subunits,
comprise the principal receptors for ﬁbrillar type I collagen, the
most abundant extracellular matrix protein in mammals [2]. The
intracellular events that enable b1 integrin binding to collagen
involve the aggregation, rearrangement and activation of several
actin-binding proteins, including vinculin, a-actinin, paxillin, talin,
cortactin, gelsolin and a group of proteins known as ﬁlamins.chemical Societies. Published by E
Group, University of Toronto,
da M5S 3E2.Filamins are a family of high molecular mass cytoskeletal pro-
teins that organize actin ﬁlaments into networks and link actin
networks to cell membranes. These properties of ﬁlamin serve to
integrate cell adhesion and signaling systems by providing a scaf-
fold for cytoskeletal proteins and multiple signaling proteins [3,4].
Three isoforms of ﬁlamin (A, B and C) have been identiﬁed. Fila-
mins A and B are ubiquitously expressed [3] while ﬁlamin C is pri-
marily expressed in skeletal and cardiac muscle cells [5]. Filamin A,
previously known as ABP-280, was characterized initially as a pro-
tein that could cross-link actin ﬁlaments and form rigid gels [3].
These properties arise from the ability of ﬁlamin A to promote high
angle branching of actin ﬁlaments and which also provide mechan-
ical stability to cells. Indeed the ability of ﬁlamin A to cross-link ac-
tin ﬁlaments helps to stabilize plasma membranes that are
subjected to shearing or distortional forces and dampens poten-
tially lethal Ca2+ ﬂuxes [6]. Thus ﬁlamin A plays an important role
in mechanical stabilization and enhances mechanoprotection of
cells that are subjected to exogenous physical forces.
The human ﬁlamin molecule is comprised of twenty-four
immunoglobulin-like domains (Fig. 1). At the N-terminus of ﬁlam-
in there is an actin-binding domain of 275 residues, which in-
cludes two calponin homology domains that are characteristic of
actin-binding proteins [5]. Filamin A, the most abundant and
widely expressed isoform, localizes to ﬁlopodia, lamellipodia,
stress ﬁbers and focal contacts [7]. During cell spreading ﬁlamin
A is concentrated subjacent to the cell membrane [8] and to
adhesion sites after force application to cells [6], indicating itslsevier B.V. All rights reserved.
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Fig. 1. Schematic representation of the ﬁlamin molecule illustrating its general structure and the binding locations of selected ligands. The actin-binding domain (ABD) is at
the N-terminus; the 24th (dimerizing) repeat is at the C-terminus. The ﬁlamin molecule also contains 2 hinge regions (H-1 and H-2).
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strength in different biological situations. By contrast, ﬁlamin B is
associated with actin stress ﬁbers but does not normally localize
to focal contacts. Many of the diverse functions of ﬁlamin A may
be attributed to the large number of proteins with which it inter-
acts (Fig. 1).
In addition to actin ﬁlaments, ﬁlamin A binds >70 other proteins
[9,10], many of which are key determinants of cell adhesion,
spreading and migration such as the b1 integrin [11]. The impor-
tance of ﬁlamin A in cell adhesion is underlined by observations
that ﬁlamin-deﬁcient melanoma cells (M2) exhibit half the adhe-
sion strength of ﬁlamin-expressing cells (A7), which has been mea-
sured in two different assays [12,13]. Filamin A also regulates the
early phases of integrin-mediated lamellipodial extension and cell
spreading on collagen, as observed in both ﬁbroblasts [8] and mel-
anoma cells [14]. As b1 integrin activation is of critical importance
in cell adhesion, it is therefore of considerable interest that ﬁlamin
participates in the intracellular trafﬁcking of multiple cell adhesion
receptors, including the b1 integrin.
2. Filamin A regulates intracellular trafﬁc of b1 integrins
Cell adhesion is dependent on cell surface receptors that are
continually endocytosed and recycled back to the cell membrane
by trafﬁcking [15,16]. While the biochemical pathways of protein
trafﬁcking are not completely deﬁned, the involvement of actin,
microtubules and the GTPases Rab 4, Rab5, Rab21 and Arf6 is
well-established [15,17]. New, emerging evidence indicates that
ﬁlamin A is pivotal for the intracellular trafﬁcking of b1 integrins
and for its deployment on the cell membrane.
As the b1 integrin subunit is of central importance for cellular
adhesion to collagen and ﬁbronectin [18], it is not surprising that
disruption of b1 integrin recycling to the cell membrane inhibits
directed cell migration [19]. Notably, expression of ﬁlamin A in ﬁl-
amin-null melanoma cells increases the abundance of cell surface
b1 integrin [20]. Similarly, ﬁlamin-deﬁcient cells show reduced cell
surface expression of b1 integrins during the initial (15 min) period
of cell-matrix contact; this defect is rescued following restoration
of ﬁlamin A expression [21]. These data show that ﬁlamin A regu-
lates the trafﬁcking of key cell adhesion receptors, which accounts
for the spreading and migration defects observed in ﬁlamin-deﬁ-
cient cells [14,21]. Collectively these studies indicate that ﬁlamin
A modulates the recycling of important adhesion receptors to the
cell surface and very likely, the molecules that affect their activity.3. Filamin: an integrator of cytoskeletal systems?
A critically important but poorly understood area in cell biology
is the functional relationships between the actin, microtubule and
intermediate ﬁlament cytoskeletons, and particularly how their
interactions may coordinate events such as integrin trafﬁcking, cell
adhesion and cell spreading. Cell adhesion and spreading are
highly dependent on the integrity of actin ﬁlaments [22], microtu-
bules [23] and intermediate ﬁlaments [24]. Moreover, these three
polymer systems exhibit a strong interdependence: chemical dis-
ruption of one system often disrupts the integrity of the other sys-
tems. For example, acrylamide is a chemical agent that disrupts
vimentin ﬁlaments. Pre-treatment of epithelial cells with acrylam-
ide induces the collapse of vimentin ﬁlaments but also induces dis-
assembly of microtubules and actin stress ﬁbers. Similarly, cells
treated with the microtubule depolymerizing agent colchicine ex-
hibit collapse of vimentin ﬁlament arrays [24]. While the molecu-
lar mechanisms underlying this interdependence remain elusive, a
number of proteins have been identiﬁed that can associate with
two or more cytoskeletal systems and that may bridge the func-
tions of actin and intermediate ﬁlaments. Examples of such pro-
teins include plectin [25], ﬁmbrin [26], BPAG1 [27] and ﬁlamin A
[28].
A signiﬁcant body of indirect evidence points to a close func-
tional association between ﬁlamin A and the intermediate ﬁlament
protein vimentin. For example, ﬁlamin and vimentin co-localize in
mesenchymal cells [28] and in the intracellular inclusions of astro-
cytes [29] and tumor cell extensions [30]. Concurrent changes of
ﬁlamin and vimentin expression in cells subjected to different
mechanical conditions occur in osteoblasts subjected to ﬂuid shear
stress [31]. In cells grown on rigid or soft substrates, there are >20%
changes in expression levels of ﬁlamin and vimentin [32]. Different
levels of ﬁlamin and vimentin expression have been detected in
normal and dysplastic/neoplastic tissues [33,34] and differences
in the relative abundance of ﬁlamin and vimentin were found in
the Triton-soluble fractions of differentiated and undifferentiated
brain endothelial cells [35]. Since differentiated brain endothelial
cells can form impermeable cell junctions, changes in their cyto-
skeletal composition may be responsible for maintaining the integ-
rity of the blood–brain barrier [35]. Collectively these data indicate
that alterations of ﬁlamin and vimentin expression levels reﬂect
stress adaptation, neoplastic transformation and differentiation
and that ﬁlamin and vimentin collaborate in fundamental cellular
processes that determine cell function.
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Recent data show that ﬁlamin and vimentin co-localize at
lamellipodia during the earliest stages of cell spreading and that
puriﬁed ﬁlamin and vimentin bind to each other in vitro [21].
These data are consistent with previous studies showing transloca-
tion of ﬁlamin and vimentin to the extensions of spreading and
migrating cells. In this context, microinjection of the small GTPase
RalA induces the formation of ﬁlopodia in melanoma cells and ﬁl-
amin is concentrated in these ﬁlopodia. Conversely, microinjection
of RalA fails to induce ﬁlopodial formation in ﬁlamin-deﬁcient
cells, indicating that ﬁlamin is a key determinant of cell spreading
and migration [36]. Similarly, vimentin is recruited to ﬁlopodia of
macrophages during the earliest phases of cell spreading [26]. Like
ﬁlamin A, vimentin is now recognized as a key determinant of cell
adhesion and directed cell migration. For example, endothelial
cells exhibit vimentin-rich focal contacts when exposed to ﬂuid
shear stress and the size of focal contacts is signiﬁcantly reduced
in vimentin-deﬁcient endothelial cells (generated by siRNA treat-
ment). Moreover, vimentin-deﬁcient cells are 50% less adherent
than control cells subjected to ﬂuid shear [37].
More recent data point to collaboration of ﬁlamin and vimentin
in regulating cell adhesion. For example, the recruitment of vinculin
and paxillin to focal adhesion sites is sharply reduced following siR-
NA-mediated knockdownof ﬁlaminA or vimentin [21]. Accordingly,
there is a >50% decrease in cell adhesion strength (estimated by jet
wash assays) following siRNA-mediated knockdown of ﬁlamin A or
vimentin [13]. Further, the formation of ﬁlopodia and lamellipodia
during cell spreading on collagen is reduced >50% in ﬁlamin- and
vimentin-deﬁcient cells. Importantly, simultaneous knockdown of
ﬁlamin and vimentin impairs cell adhesion and spreading to a
similar extent compared to individual knockdown of ﬁlamin or
vimentin [21]. These data indicate that ﬁlamin and vimentin share
a common pathway in regulating cell adhesion and spreading.
The notion that ﬁlamin and vimentin co-regulate cell adhesion
and spreading is reinforced by recent data using deletional ﬁlamin
A mutants that do not bind vimentin. These data show that vimen-
tin binds ﬁlamin along repeats 1-8, near the N-terminus of the ﬁl-
amin molecule. Notably, transfection of ﬁlamin-deﬁcient cells with
repeats 1–8 rescued the cell spreading defect, which underscores
the importance of ﬁlamin-vimentin binding in the regulation of
cell spreading [13]. In addition, since repeats 1–8 do not include
the N-terminal actin-binding domain, the role of ﬁlamin in cell
spreading is probably not due solely to its ability to cross-link actin
ﬁlaments.
The ability of vimentin to undergo cycles of polymerization and
depolymerization that result in the lengthening and shortening of
ﬁlaments may facilitate its participation in cell adhesion and
spreading. For example, during the earliest stages of ﬁbroblast
spreading (30 min post-plating), nascent ﬁlopodia and lamellipo-
dia are enriched with relatively short vimentin oligomers, referred
to as ‘‘dots and squiggles’’. These structures are highly motile and
eventually merge to form vimentin ﬁlaments [38]. As phosphoryla-
tion of vimentin regulates assembly and disassembly of vimentin
ﬁlaments during mitosis, cell adhesion and cell spreading [39], it
is notable that several recent studies have identiﬁed vimentin
phosphorylation as a critical step in cell adhesion and migration.
For example, the migratory capacity of breast cancer cells is depen-
dent on vimentin phosphorylation mediated by polo-like kinase
(PLK1). Speciﬁcally, in HMT-3522 epithelial cells, siRNA knock-
down of either vimentin or PLK1 resulted in a threefold reduction
in the cell invasiveness of extracellular matrices. Further, mutation
of serine 82 in vimentin, which is the target residue for PLK1-med-
iated phosphorylation, also reduces cellular invasion to the sameextent as observed in vimentin- or PLK1-deﬁcient cells [40]. These
data underscore the importance of vimentin phosphorylation to
cell adhesion and migration.
Another important mechanistic link between vimentin phos-
phorylation and cell migration relates to the intracellular trafﬁck-
ing of b1 integrins, which is dependent on PKCe-mediated
phosphorylation of vimentin [19]. In the absence of vimentin phos-
phorylation, b1 integrins remain trapped in the cytoplasm and
these cells exhibit migratory defects [19]. Moreover, ﬁbroblasts ob-
tained from PKCe-knockout mice exhibit defective cell adhesion
and motility [41], which is consistent with the notion that PKCe-
mediated vimentin phosphorylation regulates b1 integrin recy-
cling. Other studies have examined the relationship between
vimentin and b1 integrins. In endothelial cells spreading on colla-
gen, vimentin co-localizes with b1 integrins at focal adhesion sites.
Vimentin also co-immunoprecipitates with b1 integrins from
endothelial cell lysates and binds b1 integrins in vitro [42]. In addi-
tion, siRNA-mediated knockdown of vimentin in HMT-3522 cells
signiﬁcantly reduces the abundance of cell surface b1 integrins
[40]. Notably, in a separate study, PKCe-mediated phosphorylation
of vimentin was signiﬁcantly reduced in ﬁlamin-deﬁcient cells and
phospho-vimentin levels returned to normal levels after re-expres-
sion of ﬁlamin [13,21]. Taken together with reports that link ﬁlam-
in deﬁciency to reductions in cell surface b1 integrins [20,21], and
reports of cell spreading defects rescued by transfection of cells
with activated PKCe [43], current evidence indicates that ﬁlamin,
vimentin and protein kinases may cooperate to regulate cell adhe-
sion, spreading and migration (Fig. 2).
5. Filamin A sequesters protein kinase-mediated cell signaling
The phosphorylation and de-phosphorylation of proteins by
various protein kinases and phosphatases is a primary control
mechanism in many different types of cell signaling. In addition
to binding actin, intermediate ﬁlaments and integrins, ﬁlamin par-
ticipates in cell signaling by binding and interacting with various
protein kinases including protein kinase C [44]. Protein kinase C,
especially its alpha and epsilon isoforms, are directly responsible
for actin reorganization, cell adhesion and cell spreading and also
regulates the trafﬁcking of cell adhesion receptors [43,45]. In addi-
tion to serving as a substrate for PKC, ﬁlamin binds both the alpha
and epsilon isoforms of PKC [13,44]. Importantly, increasing evi-
dence suggests that PKC activity is closely related to that of ﬁlamin.
In ﬁbroblasts, the delivery of exogenous mechanical force
promotes PKC-mediated phosphorylation of ﬁlamin and the
recruitment of both ﬁlamin and actin to the cell membrane. This
force-induced ﬁlamin/actin recruitment is essential for the preven-
tion of force-induced apoptosis and this mechanoprotective re-
sponse is abrogated in the absence of ﬁlamin A. In addition,
inhibiting ﬁlamin phosphorylation by the PKC inhibitor bisindolyl-
maleimide (BIM) attenuates the mechanoprotective recruitment of
ﬁlamin and actin to focal adhesion sites [6].
Filamin translocates to the extensions of spreading ﬁbroblasts
along with PKCe [21]. In this study, knockdown of ﬁlamin or PKCe
inhibited the formation of cell extensions [21], likely by inhibiting
the phosphorylation of vimentin, a critical step in the recycling of
b1 integrins [19]. Importantly, cell surface b1 integrin expression
and cell spreading are reduced to a similar degree in ﬁlamin-deﬁ-
cient cells, PKCe-deﬁcient cells as well as cells treated with the PKC
inhibitors BIM and calphostin C (Fig. 2) [21]. Analogously, the for-
mation of lamellipodia in ﬁbroblasts was found to be contingent on
both ﬁlamin A and the activity of PKCf. Scratch-wound assays
show that melanoma cell migration requires the binding of ﬁlamin
A to the receptor tyrosine kinase Ror2, as well as activation of c-
Jun-N-terminal kinase (JNK). Notably, both the loss of ﬁlamin
β1
PKC
β1Filamin
Vimentin
PKC
β1
1. 2. 3.
β1
CELL MEMBRANE
Filament disassembly
Fig. 2. Proposed model of interactions among ﬁlamin, vimentin, protein kinase C (PKC) and b1 integrins. Vimentin encapsulates b1 integrin-containing vesicles (1). Filamin
binding helps approximate vimentin with protein kinase C, promoting vimentin phosphorylation (2). Vimentin phosphorylation and consequent vimentin ﬁlament
disassembly allows the release of b1integrins and their insertion into the cell membrane (3). Subsequent activation of b1 integrins is essential for cell adhesion, spreading and
migration.
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wound-stimulated cell migration [46]. These data suggest that ﬁl-
amin is critical for signaling mediated by the various isoforms of
PKC during cell spreading, cell migration as well as the cellular re-
sponse to mechanical stress.
Filamin-PKC interactions are also evident in the formation of
interfaces between T-lymphocytes and antigen-presenting cells
(APC). Lymphocyte-APC interactions are essential for cell-mediated
immunity. Filamin and PKCh co-localize at the lymphocyte-APC
interface and co-immunoprecipitate from T-cell lysates. However,
PKCh translocation is absent in ﬁlamin-deﬁcient cells. Moreover,
expression of interleukin-2 (IL-2), an important cytokine produced
by T-lymphocytes, is PKCh-dependent [47]. Filamin-deﬁcient T-
cells show defective activation of IL-2 transcription factors, despite
being transfected with constitutively active PKCh [47], indicating
that ﬁlamin is required for optimal PKC activity. Collectively these
studies highlight the complex interplay between ﬁlamin A and pro-
tein kinases that are critical for receptor trafﬁcking, cell adhesion
and immune cell function.6. Perspectives
Filamins are versatile, multifunctional proteins that play central
roles in adhesion, migration and mechanotransduction. Although
obvious phenotypic changes in cells occur after ﬁlamin depletion,
its functions in regulating adhesion and migration are not com-
pletely deﬁned. For example, more in-depth work is needed to
identify the precise role of ﬁlamin in integrin recycling. At what
time point(s) and under what circumstances does ﬁlamin regulate
integrin trafﬁcking and activation? Further, the roles of ﬁlamin’s
binding partners, particularly various protein kinases, need to be
deﬁned, speciﬁcally with how they might function in tandem with
ﬁlamin to regulate cell adhesion.Acknowledgements
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